As part of the SENTRY Antimicrobial Surveillance Program in 2002, five multidrug-resistant Pseudomonas aeruginosa clinical isolates were detected with metallo-␤-lactamase (M␤L) activity. The isolates were recovered from different patients in a medical center located in Dusseldorf, Germany. The resistant determinant was isolated amplifying the region between the integrase and the aacA4 gene cassette. Sequencing revealed a novel M␤L gene, designated bla GIM-1 . Additional analysis showed that GIM-1, comprising 250 amino acids and with a pI value of 5.4, differs in its primary sequence from that described for IMP, VIM, and SPM-1 enzymes by 39 to 43%, 28 to 31%, and 28%, respectively. The enzyme possesses unique amino acids within the major consensus sequence (HXHXD) of the M␤L family. Kinetics analysis revealed that GIM-1 has no clear preference for any substrate and did not hydrolyze azlocillin, aztreonam, and the serine-␤-lactamase inhibitors. bla GIM-1 was found on a 22-kb nontransferable plasmid. The new M␤L gene was embedded in the first position of a 6-kb class 1 integron, In77, with distinct features, including an aacA4 cassette downstream of the M␤L gene that appeared to be truncated with bla GIM-1 . The aacA4 was followed by an aadA1 gene cassette that was interrupted by a copy of the IS1394. This integron also carried an oxacillinase gene, bla OXA-2 , before the 3-CS region. GIM-1 appears to be a unique M␤L, which is located in a distinct integron structure, and represents the fourth subclass of mobile M␤L enzymes to be characterized.
Pseudomonas aeruginosa is a leading cause of nosocomial infections, giving rise to a wide range of life-threatening conditions. Its intrinsic resistance to many antimicrobial agents and its ability to develop multidrug resistance imposes a serious therapeutic problem (8) . Carbapenems are very useful antimicrobial agents for the treatment of infections caused by P. aeruginosa; however, increasing use of these compounds has resulted in the development of carbapenem-resistant P. aeruginosa. Mechanisms of resistance to carbapenems in P. aeruginosa are associated with reduced uptake of the agent resulting from the loss or reduced expression of the OprD porin, combined with derepression of the chromosomal ampC ␤-lactamase gene (23) ; overexpression of an efflux pump system (22, 37) ; and production of a metallo-␤-lactamase (M␤L) (16) .
The first mobile M␤L (IMP-1) was found in P. aeruginosa in Japan in the early 1990s (33) . For many years, the occurrence of IMP-1-producing bacteria was confined to Japan. More recently, however, IMP-1 and IMP-variant enzymes have been reported from many other countries and across four continents (6, 9, 12, 13, 24, 27) . Since the emergence of IMP-1, two other subclasses of clinically relevant M␤Ls have been described: the VIM series (15) and SPM-1 (29) . VIM variants are now found throughout the world as well (2, 13, 17, 20, 21, 30, 32, 34, 35) , whereas SPM-1 thus far seems to be restricted to Brazil.
We characterize here a novel subclass of Ambler class B enzyme, GIM-1, which is encoded by a gene cassette located in the first position of a class 1 integron. The carbapenem-resistant P. aeruginosa clinical isolates that produce GIM-1 were recovered in Germany and were detected by The SENTRY Antimicrobial Surveillance Program in 2002.
MATERIALS AND METHODS
Bacterial strains and susceptibility testing. In 2002, five clinical isolates of P. aeruginosa (73-5671, 73-12198, 73-15553, 73-15574, and 73-15480) were collected in a medical site located in Dusseldorf, Germany, and submitted to the SENTRY Program monitored in North Liberty, Iowa (JMI Laboratories). The clinical isolates were susceptibility tested by using the reference broth microdilution method as described by the National Committee for Clinical Laboratory Standards (19) . Rifampin-resistant (Rif r ) derivatives of Escherichia coli K-12 and P. aeruginosa PA01 (28) were used as recipients in conjugation experiments. E. coli DH5␣ and Rif r PA01 were used for transformation. Phenotypic detection of M␤L. M␤L Etest strips (AB Biodisk, Solna, Sweden) were used to screen for class B ␤-lactamase production according to the manufacturer's instructions. In addition, carbapenemase activities of cell sonicates from overnight broth cultures were determined by spectrophotometric assays. These were carried out with 150 M imipenem and meropenem as substrates at 299 nm. Assays were performed with or without EDTA (25 mM) to ascertain whether activity is inhibited by chelating agents.
DNA analysis methodology. Molecular screening for bla VIM , bla IMP , and bla SPM-1 was performed by using PCR, as previously described (29) , with primers targeting conserved regions of the M␤L genes (Table 1) . Strains known to harbor M␤L genes were used as positive controls for the reactions. Since several ␤-lactamases are encoded on gene cassettes, embedded in class 1 integrons, primers targeting the 5Ј conserved sequence and the aacA4 gene cassette were used in additional PCR screening reactions. The integron structure was revealed with a walking sequencing strategy, with the primers described in Table 1 . Plasmid extraction from P. aeruginosa 73-5671 was undertaken with a QIAprep Spin Miniprep kit (Qiagen, West Sussex, United Kingdom). Restriction endonuclease analysis of the plasmid was carried out with seven different restriction enzymes, namely, BamHI, EcoRI, HindIII, HincII, SpeI, SmaI, and XbaI (Invitrogen, Carlsbad, Calif.), singly and in pairs, to determine the size of the plasmid. Southern blot analysis was performed on agarose gels by standard methods, and hybridization was undertaken with a bla GIM-1 probe labeled with 32 P by using a random primer technique (25) . Transformation was carried out by using electroporation, and selection for transformants was performed on nutrient agar plates containing ceftazidime at 4 g/ml. Conjugation experiments were carried out in liquid medium, and selection was performed on nutrient agar with ceftazidime (4 g/ml) and rifampin (200 g/ml). Primers intI1F and aacA4FR (Table  1) were used to amplify the integron structure harboring the resistant determinant, and the purified amplicons were cloned into PCRScriptCam SKϩ (Stratagene Cloning Systems, La Jolla, Calif.). DH␣ was used as a host for the recombinant plasmid.
DNA sequencing and computer analysis. The PCR products were sequenced on both strands by using a Perkin-Elmer systems 377 DNA sequencer. The nucleotide sequences, deduced amino acid sequences, and phylogenetic relationships were analyzed by using the Lasergene software package (DNAStar, Madison, Wis.). Obtained sequences were compared to sequences available on the internet (http://www.ebi.ac.uk/fasta33/). Analytical IEF. P. aeruginosa extracts showing ␤-lactamase activity were obtained by cell lyses with BugBuster (Novagen, Nottingham, United Kingdom). Isoelectric focusing (IEF) was performed with a pH 3 to 10 pre-cast vertical IEF gel with the Novex system (Invitrogen). The conditions applied were according to the manufacturer's instructions. The focused ␤-lactamases were detected by overlaying the gel with nitrocefin solution (Microbiology Systems, Cockeysville, Md.). Isoelectric points were estimated by using linear regression with Graf Prism software (GraphPad Software, Inc., San Diego, Calif.) and by comparison to reference proteins provided by a pI 4.5 to 9.5 Standard IEF Marker (Bio-Rad, Richmond, Calif.) and the TEM-1 ␤-lactamase (31) .
Pulsed-field gel electrophoresis (PFGE). Genomic DNA was prepared in agarose blocks and digested in situ with the restriction enzyme SpeI (Invitrogen). DNA fragments were separated by electrophoresis in the CHEF-DR III apparatus (Bio-Rad). The band pattern was interpreted according to the recommendation of Tenover et al. (26) .
␤-Lactamase purification. Cultures of P. aeruginosa 73-5671 were grown overnight at 37°C in 4 liters of Terrific Broth (12% tryptone, 20% yeast extract, 0.4% glycerol, 0.17 M monopotassium phosphate, 0.72 M dipotassium phosphate). A periplasmic protein preparation was obtained as previously described (1) . This protein solution was treated with 60% saturated ammonium sulfate solution to precipitate most of the proteins, which were removed by centrifugation. The clarified supernatant was loaded onto a Q-Sepharose column (Amershan Pharmacia Biotech, Uppsala, Sweden) preequilibrated with buffer A (50 mM cacodylate, 100 M zinc chloride, 1 mM ␤-mercaptoethanol, 3 mM sodium azide [pH 6.8]). The proteins were eluted with a linear gradient of 300 mM to 800 mM sodium chloride. Fractions showing the highest degree of ␤-lactamase activity against nitrocefin were pooled, and proteins in the mix were subjected to a Superdex-200 (Amersham Pharmacia Biotech) gel filtration column at 0.3 ml/ min. During the purification procedure, the ␤-lactamase activity was tracked by nitrocefin hydrolysis.
The protein recovered in the flowthrough was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and analytical IEF was applied to confirm the purity of the preparation.
Kinetic measurements. Purified ␤-lactamase was used to determine the kinetic parameters k cat and K m . Reactions were performed at 25°C in 2 ml of assay buffer (50 mM cacodylate, 100 mM sodium chloride, 100 M zinc chloride [pH 7.0]). The rate of hydrolysis of each ␤-lactam was calculated with triplicate reactions for at least five different concentrations of substrate based on the extinction coefficients for each substrate. The assays were performed in a Lambda 35 spectrophotometer (Perkin-Elmer, Cambridge, United Kingdom) by observing the changes in absorption resulting from the opening the ␤-lactam ring at the specific wavelengths for each of the 20 antimicrobial agents evaluated, as previously described (18) .
Nucleotide sequence accession number. The nucleotide sequence data reported in the present study have been assigned EMBL/GenBank nucleotide accession number AJ620678.
RESULTS
Properties of the P. aeruginosa clinical isolates. The five carbapenem-resistant P. aeruginosa isolates were recovered from different patients in the same hospital ward in Dusseldorf, Germany, between February and July 2002. The index strain, 73-5671, was recovered from a 37-year-old male inten- Table 2 . The isolates showed particular resistance to imipenem (MIC, Ͼ8 g/ml), meropenem (MIC, Ͼ8 g/ml), ceftazidime (MIC, Ͼ16 g/ml), cefepime (MIC, Ն16 g/ml), and piperacillin-tazobactam (MIC, Ͼ128 g/ml). Of the antimicrobial agents tested, the five isolates were only susceptible to polymyxin B. By PFGE analysis, the five P. aeruginosa isolates were indistinguishable (clonal). These strains were compared to six carbapenem-susceptible isolates recovered at the same time from the same medical site in Germany. All susceptible isolates were, by PFGE analysis, significantly different from the carbapenem-resistant isolates and also distinct from each other (data not shown).
M␤L screening and PCR experiments. Initial M␤L screening experiments showed that each of the five isolates produce an M␤L. Analysis with M␤L Etest (ABBIODISK) strips showed decreases in the MICs of imipenem in the presence of EDTA (from Ͼ256 g/ml for imipenem to 2 g/ml for the combination imipenem-EDTA). Spectrophotometric assays demonstrated carbapenemase activity against carbapenems (hydrolyzing activity against neropenem between 0.0113 and 0.0287 absorbance units/min), which was 85% EDTA inhibited in all five P. aeruginosa isolates.
Preliminary PCR amplification experiments failed to detect previously described M␤L genes, whereas controls with bla VIM -, bla IMP -, and bla SPM -like genes yielded PCR products of the expected sizes.
Considering that mobile M␤L genes were found in class 1 integron structures which also contain an aacA4 cassette (6, 17, 32), a PCR was performed with specific primers for these elements. Amplicons of 900 bp were obtained from PCR with 3F1 and aacA4FR primer pair (Table 1) . Sequence analysis of these fragments revealed an open reading frame of 753 bp coding for a protein of 250 amino acids with significant similarities to some class B M␤Ls. The new M␤L gene was named bla GIM-1 (German imipenemase).
Independent PCRs with primers targeting different regions of the integrase and the aacA4 cassette and reactions with primers specifically designed for the 753-bp open reading frame (Table 1) confirmed the presence of a novel M␤L gene.
Sequence analysis and its deduced protein sequence. The nucleotide sequence of bla GIM-1 showed a GC content of 42.1% and encoded a mature protein of 25,501 Da with a theoretical pI of 5.3. Analytical IEF of P. aeruginosa revealed three ␤-lactamase bands, one with a pI of 5.4 and that likely corresponded to GIM-1 and two additional bands focused in pI 6.7 and 8.4. The additional band in pI 8.4 was probably the chromosomally encoded AmpC. The results obtained in the IEF showed that the pI value was 5.4, in agreement with the theoretical value. The identity of the ␤-lactamase focused in pI 6.7 could not be determined.
The amino acid sequence of GIM-1 had low identity with other clinically significant M␤L genes. The amino acid sequence displayed most identity with IMP variants IMP-6, IMP-1, and IMP-4 (43.5, 43.1, and 43.1%, respectively), followed by VIM variants ranging from a high of 31.2% with VIM-7 to 28.8% with VIM-1, VIM-4, and VIM-5 and only 28.0% similarity with SPM-1. A phylogenetic analysis placed the new enzyme in a new subclass of class B ␤-lactamases (Fig. 1) .
The predicted protein sequence showed that in the active site, GIM-1 has amino acid motifs that are conserved in M␤L enzymes (4, 10, 11) , namely, the consensus zinc binding motif HXHXD (residues 116 to 120) and the other residues involved in the coordination of the Zn 2ϩ ions (Hys196, Cys221, and Hys293, according to the BBL numbering system). However, the zinc-binding motif of GIM-1 was unique in that there was a serine at position 117 and a glutamic acid residue at position 119, amino acid residues that were not found at these positions in other M␤L enzymes (Fig. 2) . Genetic environment harboring bla GIM-1 . Plasmid DNA analysis showed that the five P. aeruginosa clinical isolates harbored plasmids of the same size. The plasmid obtained from strain 73-5671 was estimated to be ϳ22 kb in size, as determined from DNA fragment profiles generated with different restriction enzymes. Southern hybridization experiments showed that bla GIM-1 is in the plasmid (Fig. 3) , although transfer of the ␤-lactam resistance by electroporation and conjugation could not be demonstrated.
Extended analysis of the genetic environment of bla GIM-1 revealed key genetic components found in class 1 integrons: the 5Ј-CS, containing the intI1 integrase gene with its own promoter and the attI1 recombination site, and the 3Ј-CS accommodating the fused structure qacE⌬1/sul1 (2) . The M␤L gene is located in the first gene cassette position of this 6-kb class 1 integron, which was named In77. Two putative promoters (P1 and P2) precede the bla GIM-1 start codon (ATG), both of which lie within the integrase structural gene. The primary promoter (P1) had all of the features of an intermediate strength promoter: the Ϫ35 box TGGACA and the Ϫ10 box TAAACT being separated by 17 bp (5). An insertion of three guanosine residues has been reported to activate the second promoter (P2) by spacing the Ϫ35 and Ϫ10 hexamers to 17 bp (4). This feature was not present in this integron, signaling that only the P1 drives the expression of the gene cassettes embedded in the integron.
The M␤L gene has been inserted at the attI1 recombination site and, although bla GIM-1 is preceded by the expected core site (GTTAGAA), it is not immediately followed by an inverse core site and other elements of a 59-be (2L and 2R regions). The second cassette in In77 accommodates the aacA4 gene; however, the expected 59-be between bla GIM-1 and aacA4 was absent, even within the M␤L gene. The aacA4 allele in this integron encodes an AAC(6Ј)-Ib aminoglycoside acetyltransferase that confers resistance to netilmicin, gentamicin, and tobramycin. The 3Ј end of the aacA4 gene cassette leads to a 59-be that is 72 bp long, which is in turn followed by a second aminoglycoside-resistant determinant, aadA1. However, this gene is interrupted at nucleotide position 135 by a copy of IS1394 (GenBank accession no. U37284) (36), a 1,100-bp insertion sequence (IS) previously described in a strain of Pseudomonas alcaligenes. The IS1394 encodes a transposase that shows identity with those of the IS30 family of elements. As shown in Fig. 4 , the transcriptional orientation of the IS1394 copy in In77 was opposite that of the genes acquired as cassettes. After the IS1394 was the remainder of the aadA1 gene cassette. The 59-be of the aadA1 gene cassette was 60 bp long and shows all consensus features of the recombination site structures (core site GTTRRRY, inverse core site RYYYAAC, and the internal domains 2L and 2R). Finally, the aadA1 gene cassette is followed by another ␤-lactamase gene cassette accommodating bla OXA-2. This was followed by the fused gene cassette qacE⌬1/sul1. Patterns of ␤-lactam susceptibility of E. coli producing the GIM-1 enzyme. The substrate specificity of GIM-1 and its contribution to resistance were investigated by testing the susceptibility to ␤-lactams of E. coli DH5␣ carrying the recombinant plasmid containing the integron borne bla GIM-1 (pGIM-1) and that produces GIM-1 enzyme in contrast to DH5␣, which carries an empty vector (pSCRIPT). The GIM-1 production in the host strain was confirmed by measuring the hydrolysis rate of the E. coli DH5␣ carrying pGIM-1 compared to DH5␣ carrying the empty vector (0.0097 and 0.0011 Abs/min, respectively).
As shown in Table 2 , GIM-1 production was associated with a decrease in the in vitro susceptibility of the E. coli host to ceftazidime, cefotaxime, cefepime, imipenem, meropenem, and ampicillin, indicating that the enzyme can contribute to broad-spectrum resistance in the microbial host.
Kinetic properties of GIM-1. Analysis of the purified preparation of GIM-1 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis showed a single 26-kDa band and was estimated to be Ͼ95% pure (data not shown). In addition, the pI of the protein was determined and, after nitrocefin staining, only one pI 5.4 band was observed in the gel.
The kinetic parameters of GIM-1, including k cat , K m , and the k cat /K m ratio, were determined for several different ␤-lactam compounds, as presented in Table 3 . Under the experimental conditions adopted, GIM-1 hydrolyzed most tested compounds, with the exception of aztreonam, azlocillin, and the serine ␤-lactamase inhibitors, clavulanic acid and tazobactam. Even after prolonged incubation (1 to 3 h) of the enzyme with these agents, enzyme activity was undetectable.
The kinetic parameters of the purified GIM-1 reveal a broad substrate profile but no clear preferences for any of the ␤-lac- tam subfamilies tested. Individual kinetic parameters for GIM-1 for different ␤-lactam agents differed considerably. The highest k cat /K m ratios were observed with cefuroxime, cephalothin, and ceftazidime (0.802, 0.718, and 0.577 M Ϫ1 s Ϫ1 , respectively). The lowest values were demonstrated with moxalactam, carbenicillin, and ticarcillin (0.014, 0.024, and 0.039 M Ϫ1 s Ϫ1 , respectively). For the carbapenems, GIM-1 showed 10 times greater turnover of imipenem than meropenem (k cat values of 27.1 s Ϫ1 and 2.7 s Ϫ1 , respectively). However, the affinity of the enzyme for imipenem is 10 times higher than for meropenem (K m of 287.5 and 25.4 M, respectively), which makes the k cat /K m ratios for the two compounds very similar (0.094 for imipenem and 0.106 M Ϫ1 s Ϫ1 for meropenem). This finding contrasts those for other clinically important class B ␤-lactamases, which show larger k cat /K m ratios for imipenem than for meropenem (Table 3).
The comparison of GIM-1 kinetic values with the parameters reported for other clinically relevant M␤L (Table 3) showed that, in general, the k cat /K m ratios obtained for GIM-1 are lower than those of other M␤Ls, specifically IMP-1, VIM-1, VIM-2, and SPM-1.
DISCUSSION
The novel class B ␤-lactamase, GIM-1, is divergent from other class B ␤-lactamase enzymes and is the fourth subclass of mobile M␤L thus far identified. The enzymes most closely related to GIM-1 are the IMP variants, although GIM-1 shares ca. 40% amino acid identity with this group. GIM-1 possesses the major consensus features of the M␤L family (8), such as the zinc-binding motif (HXHXD), with amino acids not previously reported at the variable positions in this motif likely to be relevant to the particular activity of the protein.
The kinetic properties of GIM-1 demonstrate that the enzyme has similar activity to other members of the class B ␤-lactamases (7, 14, 18, 21) agents reflect high substrate affinities (K m ) and low substrate turnover rates (k cat ). Like the majority of M␤L genes, bla GIM-1 was found on a class 1 integron, In77, that is carried on a 22-kb plasmid in P. aeruginosa 73-5671. In addition to a novel M␤L gene, this integron harbors three other resistance genes, aacA4, aadA1, and bla OXA-2 , in that order (Fig. 4) . The bla GIM-1 and aacA4 genes appeared to be accommodated in a single gene cassette that has probably been generated from individual cassettes by deletion of most of the intervening 59-be. The aadA1 cassette is bisected by an insertion element, IS1394, that inactivates this particular gene. In addition, the IS1394 is oriented so that its transposase gene is transcribed toward the integrase gene of the In77. Since gene cassettes in class 1 integrons do not carry their own promoters (3) and thus are under the control of the integron promoter embedded in the intI1, in this integron structure, gene cassettes located downstream from the IS1394, such as bla OXA-2 , are unlikely to be expressed.
The finding of bla GIM-1 in what appears to be five clonal isolates of P. aeruginosa from different patients from the same hospital is evidence of a nosocomial outbreak. The production of a novel M␤L by these isolates could be a warning of future clinical problems with these and similar strains. However, in its present form, the GIM-1 gene may not be as mobile as those encoding IMP or VIM M␤Ls because the 22-kb plasmid carrying In77 is nonconjugative and appears to have a restricted host range. Only time will tell whether the two-gene cassette accommodating bla GIM-1 and aacA4 will move to another integron on a more easily transmissible plasmid, as happened with other cassette-borne M␤L genes.
Several important points arise from this and other studies of M␤L found in clinical isolates. (i) Of the four subclasses of mobile M␤L gene identified to date, two were originally found in Europe, perhaps signaling future difficulties for empirical treatment with carbapenems in this region. (ii) Thus, it would be desirable that the incidence of M␤L production in clinical isolates of key gram-negative bacteria, such as P. aeruginosa, Enterobacter cloacae, Serratia marcescens, and Klebsiella pneumoniae, be carefully monitored. (iii) The results reported in this communication attest to the importance of global resistance surveillance programs such as the SENTRY Program in identifying the emergence and epidemic spread of new threats to the efficacy of antimicrobial therapy and beginning into genetic risk of further spread. 
